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(57) A method for hydrogen peroxide vapor sterili- 
zation of medical devices and similar instruments hav- 
ing long narrow lumens or diffusion restricted areas in- 
cludes the step of pretreating the article to be sterilized 
with a dilute solution of hydrogen peroxide prior to ex- 



posure to a vacuum or a vacuum followed by plasma. 
The method is such that, upon vaporization of the solu- 
tion caused by the vacuum, the hydrogen peroxide re- 
mains in contact with the article for a time sufficient to 
achieve sterilization. 
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Description 

Background of the Invention 
5 Field of the Invention 

This invention relates to a process for using hydrogen peroxide and negative pressure to sterilize articles such as 
medical instruments, and more particularly, to a method which includes the step of pretreating the articles with liquid 
hydrogen peroxide prior to exposure to negative pressure or negative pressure combined with plasma 

10 

Description of the Related Art 

Medical instruments have traditionally been sterilized using either heat, such as is provided by steam, or a chemical, 
such as formaldehyde or ethylene oxide in the gas or vapor state. Each of these methods has drawbacks. Many medical 

is devices, such as fiberoptic devices, endoscopes, power tools, etc. are sensitive to heat, moisture, or both. Formalde- 
hyde and ethylene oxide are both toxic gases that pose a potential hazard to healthcare workers. Problems with eth- 
ylene oxide are particularly severe, because its use requires long aeration times to remove the gas from articles that 
have been sterilized. This makes the sterilization cycle time undesirably long. 

Sterilization using liquid hydrogen peroxide solution has been found to require high concentration of sterilant, 

20 extended exposure time and/or elevated temperatu res. However, sterilization using hydrogen peroxide vapor has been 
shown to have some advantages over other chemical sterilization processes (see, e.g., U.S. Pat. Nos. 4,169,123 and 
4,169,1 24). The combination of hydrogen peroxide with a plasma provides certain additional advantages, as disclosed 
in U.S. Pat. 4,643,876, issued February 17, 1987 to Jacobs et al.. U.S. Pat. 4,756,882, issued July 12, 1988 also to 
Jacobs et al. discloses the use of hydrogen peroxide vapor, generated from an aqueous solution of hydrogen peroxide, 

25 as a precursor of the reactive species generated by a plasma generator. The combination of hydrogen peroxide vapor 
diffusing into close proximity with the article to be sterilized and plasma acts to sterilize the articles, even within closed 
packages. Further, these methods of combining hydrogen peroxide vapor with a plasma, while useful in "open" systems, 
have been found to be inadequate to effect sterilization in articles having diffusion-restricted areas, since the methods 
are dependent upon diffusion of the sterilant vapor into close proximity with the article before sterilization can be 

30 achieved. Thus, these methods have been found to require high concentration of sterilant, extended exposure time 
and/or elevated temperatures when used on long, narrow lumens. For example, lumens longer than 27 cm andfcr 
having an internal diameter of less than 0.3 cm have been particularly difficult to sterilize. Thus, no simple, safe, effective 
method of sterilizing smaller lumens exists in the prior art. 

The sterilization of articles containing diffusion-restricted areas, such as long narrow lumens, therefore presents 

35 a special challenge. Methods that use hydrogen peroxide vapor that has been generated from an aqueous solution of 
hydrogen peroxide have certain disadvantages, because: 

1 . Water has a higher vapor pressure than hydrogen peroxide and will vaporize faster than hydrogen peroxide 
from an aqueous solution. 

40 2. Water has a lower molecular weight than hydrogen peroxide and will diffuse faster than hydrogen peroxide in 

the vapor state. 

Because of this, when an aqueous solution of hydrogen peroxide is vaporized in the area surrounding the items 
to be sterilized, the water reaches the items first and in higher concentration. The water vapor therefore becomes a 
45 barrier to the penetration of hydrogen peroxide vapor into diffusion restricted areas, such as small crevices and long 

I narrow lumens. One cannot solve the problem by removing water from the aqueous solution and using more concen- 
trated hydrogen peroxide, since, among other reasons, concentrated solutions of hydrogen peroxide greater than 65% 
by weight can be hazardous due to the oxidizing nature thereof. 

U.S. Pat. 4,952,370 to Cummings et al. discloses a sterilization process wherein aqueous hydrogen peroxide vapor 
50 is first condensed on the article to be sterilized, and then a source of vacuum is applied to the sterilization chamber to 
evaporate the water and hydrogen peroxide from the article. This method is suitable to sterilize surfaces, however, it 
is ineffective at rapidly sterilizing diffusion-restricted areas, such as those found in lumened devices, since it too de- 
pends on the diffusion of the hydrogen peroxide vapor into the lumen to effect sterilization. 

U.S. Pat. 4,943,414, entitled "Method for vapor Sterilization of Articles Having Lumens," and issued to Jacobs et 
55 al. , discloses a process in which a vessel containing a small amount of a vaporizable liquid sterilant solution is attached 
to a lumen, and the sterilant vaporizes and flows dir ctly into the lumen of the article as the pressure is r duced during 
the sterilization cycle. This system has the advantage that the water and hydrogen peroxide vapor ar pulled through 
the lumen by th pressure differential that exists, increasing the sterilization rate for lumens, but it has th disadvantag 
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that the vessel needs to be attached to each lumen to be sterilized. In addition, water is vaporized faster and precedes 
the hydrogen peroxide vapor into the lum n. 

In U.S. Patent No. 5,492,672, there is disclosed a process for sterilizing narrow lumens. This process uses a 
multicomponentst rilant vapor and r quir ssuccessiv alt mating periods of flow of sterilant vapor and discontinuance 
s of such flow. A complex apparatus is used to accomplish the method. Becaus flow through of vapor is used, closed 
end lumens are not readily sterilized in the process. 

Thus, there remains a need for a simple and effective method of vapor sterilization of articles having areas where 
diffusion of these vapors is restricted, such as long, narrow lumens. 

10 Summary of the Invention 

One aspect of the present invention relates to a method for sterilizing an interior of a device with a diffusion restricted 
area, such as a device having a lumen. The method includes the steps of contacting the interior of the device with a 
liquid solution comprising hydrogen peroxide, and exposing the device to negative pressure for a time period sufficient 

is to effect complete sterilization. In one embodiment, the liquid solution is peracetic acid. If the exposing step is conducted 
for 1 hour at 40°C and 10 torr, the diffusion restricted area preferably retains 0.17 mg/L or more hydrogen peroxide, 
or retains 17% or more of the hydrogen peroxide placed therein after the exposing step. In certain preferred embodi- 
ments, the diffusion-restricted area has the same or more diffusion restriction than provided by a lumen 27 cm in length 
and an internal diameter of 3 mm, or has the same or more diffusion restrict ion than provided by a lumen having a 

20 ratio of length to internal diameter greater than 50. The solution is preferably at a concentration of less than 25% by 
weight. The contacting step can be performed by delivery via a method such as injection, static soak, liquid flow-through 
or aerosol spray. In a preferred embodiment, the diffusion-restricted area is a lumen at least 27 cm in length and having 
an internal diameter of no more than 3 mm, more preferably having an internal diameter of no more than 1 mm. The 
exposing step is preferably performed for 60 minutes or less, and is preferably performed at a pressure less than the 

25 vapor pressure of hydrogen peroxide. Thus, the preferred pressure range under conditions of the present invention is 
between 0 and 100 torr. In one particularly preferred embodiment, the pressure is approximately 10 torr and the ex- 
posing step is conducted at a temperature of approximately 23?C to approximately 28°C. The exposing step can include 
the step of heating the article, such as by heating the chamber in which the exposing step occurs. The chamber can 
be heated to about 40°C to about 45° C. Alternatively, the solution can be heated, such as to a temperature of about 

30 40°C to about 45°C. Optionally, the step of exposing the device to a plasma can be conducted during the step of 
exposing the device to negative pressure. In one embodiment employing exposure to plasma, the method is performed 
within a first chamber and the plasma is generated in a second, separate chamber. This embodiment further comprises 
the step of flowing the plasma into the first chamber. Advantageously, the contacting and/or exposing steps of the 
method can be repeated one or more times. 

35 Another aspect of the present invention relates to a method for sterilizing an interior and an exterior of an article. 

This method includes the following steps: contacting the article with a liquid solution comprising hydrogen peroxide; 
and placing the article in a diffusion-restricted environment. The contacting and placing steps can be performed in 
either order. These steps are fol towed by exposing the diffusion-restricted environment to negative pressure for a time 
period sufficient to effect complete sterilization. The contacting step can be performed both before and after the placing 

40 step. If the exposing step is conducted at 40° C and 1 0 torr, the diffusion restricted environment preferably retains 0. 1 7 
mg/L or more hydrogen peroxide after the exposing step, or retains 1 7% or more of the hydrogen peroxide placed 
therein after the exposing step. The exposing step can include the step of heating the article, such as by heating the 
chamber in which the exposing step occurs or by heating the liquid solution. In certain preferred embodiments, the 
diffusion-restricted environment has the same or more diffusion restriction than provided by a single entry/exit port of 

45 9 mm or less in internal diameter and 1 cm or greater in length, or is sufficiently diffusion restricted to completely sterilize 
a stainless steel blade within a 2.2 cm by 60 cm glass tube having a rubber stopper with a 1 mm by 50 cm stainless 
steel exit tube therein at a vacuum of 10 torr for one hour at 40°C. The solution can be peracetic acid. The contacting 
step can be by delivery via a method such as injection, static soak, liquid flow-4hrough or aerosol spray. Plasma can 
also be used during the step of exposing the lumen to negative pressure. If plasma is used, the method can be performed 

so within a sealed chamber and the plasma generated within the container. Thus, the method can be performed within a 
first chamber and the plasma generated in a second, separate chamber and the plasma flowed into the first chamber. 
The diffusion-restricted container can have at least one exit tube, such as one that is at least 1 .0 cm in length and has 
an internal diameter of 9 mm or less. The exit tube can also include a filter. In a preferred embodiment, the filter is 
sufficient to prevent entry of bacteria from the environment into the container. The solution can be used at a concen- 
ts tration of less than 25% by weight. The exposing step is pref erabjy,petfo rmed for 60 m i nutes or le ss. The method can 
be conducted aloncfwltrnh st p of heating the article during th exposing step. Thus, the xposing step can be 
conducted within a chamber, and the chamber heated during the xposing step. The exposing step can be conducted 
at a negative pressure betwe n 0 and 1 00 Torr. Advantageously, the various steps of this method can also be repeated 
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one or more times. 

Still one more aspect of the invention relat s to a method tor making a st rilized articl within a diffusion-restricted 
container. This method includes contacting the article with a solution comprising hydrogen peroxide, and placing the 
article in the diffusion-restricted container in either order If the initial contacting step preced s the placing st p, th 

s contacting step can be repeated aft r the placing step. Th se steps ar followed by xposing th diffusion-restricted 
container to negative pressure for a time period sufficient to effect complete sterilization of the article. The container 
used in this aspect of the invention has at least one exit tube. The exit tube preferably has a filter therein which is 
preferably sufficient to prevent entry of bacteria into the container. The exit tube is at least 1 .0 cm in length and/or has 
an internal diameter of 9 mm or less. The solution used can be peracetic acid. Advantageously, the exposing step, the 

10 contacting step, or the entire method can be repeated one or more times. In a preferred embodiment, the contacting 
step comprises delivery via injection, static soak, liquid flow-through or aerosol spray. The container can be exposed 
to a plasma during the step of exposing the container to negative pressure. In one embodiment, the method is performed 
within a sealed chamber and the plasma is generated within the chamber. The exposing step is preferably performed 
for 60 minutes or less and/or at a pressure between 0 and 100 Ton*. The container can be heated during the exposing 

is step, or the solution heated prior to the contacting step. The invention also includes the sterilized article within a diffu- 
sion-restricted container produced by the method of this aspect. 

Brief Description of the Drawings 

20 FIGURE 1 is a cross-sectional illustration of a lumen containing an inoculated stainless steel blade placed within 

a glass tube having only a narrow opening to create a diffusion-restricted environment for testing the sterilization method 
of the present invention. 

FIGURE 2 is a cross-sectional illustration of an inoculated stainless steel blade placed directly within a glass tube 
having only a narrow opening to create an alternate diffusion-restricted environment for testing the sterilization method 
25 of the present invention. 

FIGURE 3 is a cross-sectional illustration of an inoculated stainless steel blade placed directly within a glass tube 
having a filter placed at its narrow opening to create an alternate diffusion-restricted environment for testing the ster- 
ilization method of the present invention. 

30 Detailed Description of the Preferred Embodiment 

Sterilizing the inside of lumened devices has always posed a challenge to sterilization systems. Achieving rapid 
sterilization of lumened devices or other diffusion restricted articles at low temperatures and low concentrations of 
sterilant represents an even greater challenge. In the present invention, the shortcomings of the prior art sterilization 

35 systems are overcome by pretreating articles to be sterilized with an aqueous solution of hydrogen peroxide (i.e. a 
solution comprising both water and hydrogen peroxide) prior to exposure to a vacuum, or optionally, plasma. The 
method of the present invention provides for the rapid sterilization of lumened and non-lumened articles under condi- 
tions that will not damage the articles nor leave toxic residues on the sterile articles. 

In the method of the present invention, dilute, aqueous solutions of hydrogen peroxide are delivered into direct 

40 contact with the article to be sterilized. In the case of a lumened device, the solution is delivered directly into the lumen. 
In the case of an article having an area where diffusion of vapor is restricted, the solution is delivered to the interior of 
the diffusion restricted area. The hydrogen peroxide solution is delivered into the lumen or into contact with the article 
to be sterilized through means such as direct delivery, a static soaking process, a liquid flow-through process, or by 
aerosol spray. The aqueous solutions of hydrogen peroxide can be relatively dilute, e.g., as low as 1-3% or lower by 

45 weight, since sterilization is not achieved through contact with the hydrogen peroxide solution, but rather, is achieved 
at low temperatures and in short periods of time upon exposure to hydrogen peroxide vapor under vacuum or vacuum 
combined with plasma. The method of the present invention is particularly effective with articles having inaccessible 
or hard-to-reach places. Such articles include long, narrow lumens, hinges, and other articles having spaces where 
diffusion of vapors is restricted. 

50 The general operation of one embodiment of the method of the present invention, which is useful for sterilizing the 

inside of long, narrow lumens, is as follows: 

1 . The lumen to be sterilized is exposed to an aqueous solution of dilute hydrogen peroxide. The aqueous solution 
can be delivered as a small amount directly into the lumen, or by static soaking, liquid flow-through, or aerosol spray. 
55 2. The lumen to be sterilized is placed within a chamber, and the chamber is sealed and evacuated. (Peroxide can 

also b delivered to the insid of the article after placing the article in the chamber.) 

3. The lumen is exposed to th vacuum for a period of time and at a t mperature sufficient to effect st rilization. 

4. The steril lumen is removed from chamber. 
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In an alternative embodiment of the method of the present invention, a similar method is used to sterilize both the 
inside and outsid of an articl . In this alternative embodiment, the articl to be sterilized is placed in a diffusion- 
restricted environment. If the article to be sterilized is itself diffusion -restricted, such as a long, narrow lumen, peroxide 
is introduced to th inside of the articl . For articles which are not diffusion-restricted, peroxide can be introduced 

s anywhere into the diffusion-restricted environment. Peroxide can b introduced either b fore or after placing th article 
in. the diffusion-restricted environment. The diffusion-restricted environment containing the article to be sterilized is j 
then placed in the chamber, exposed to vacuum and removed as in steps 2 through 4 above. 

In yet another alternative embodiment of the present invention, the article to be sterilized is exposed to a vacuum 
followed by low temperature plasma for a time sufficient to effect sterilization. When used in the present specification 

10 and claims, the term "plasma" is intended to include any portion of the gas or vapor that contains electrons, ions, free 
radicals, dissociated and/or excited atoms or molecules produced as a result of an applied electric field, including any 
accompanying radiation that might be produced. The applied field may cover a broad frequency range; however, a 
radio frequency ormicrowaves are commonly used. 

The sterilization method of the present invention can also be used with plasmas generated by the method disclosed 

is in the previously mentioned U.S. Pat. 4,643,876. Alternatively, it may be used with plasmas described in U.S. Patent 
5,115,166 or 5,087,418, in which the article to be sterilized is located in a chamber that is separated from the plasma 
source. 

The present invention provides several advantages over earlier vapor sterilization systems, such as, (1) the rapid 
sterilization of lumened devices and diffusion restricted articles can be rapidly achieved at low temperatures; (2) the 

20 use of concentrated, potentially hazardous, solutions of anti-microbials is avoided; (3) the need to attach a special 
vessel to deliver sterilant vapors into long, narrow lumens is eliminated; (4) no toxic residues remain; (5) since the 
product is dry at the end of the process, sterile storage of these articles can be achieved; (6) closed end lumens can 
be sterilized; and (7) the process can be repeated as desired without undue effects. The method of the present invention 
therefore provides for a highly efficient, nonhazardous, and relatively inexpensive method of sterilization. 

25 To determine the efficacy of the sterilization method of.the present invention, preliminary tests were first performed 

to evaluate the effect of dilute hydrogen peroxide solutions on contaminated surfaces in an open, non-diffusion restricted 
environment. These tests are described below in Example 1 . 

Example 1 

30 

To evaluate the sterilization efficacy of dilute hydrogen peroxide solution alone, a biological challenge consisting 
of 2.5 X 10 6 Bacillus stearothermophilus spores on a stainless steel scalpel blade was used. Inoculated blades were 
submerged in 40 ml of hydrogen peroxide solution in a 100 ml beaker. Four different concentrations of hydrogen per- 
oxide solution were used: 3%, 6%, 9% and 12% by weight. The blades were allowed to soak in the peroxide solutions 
35 for various time periods. The blades were then removed from the solution and tested for sterility. The results of this 
testing are listed in Table 1 as a ratio of the number of inoculated blades which remain contaminated after treatment 
over the number of inoculated blades tested. 
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Table! 

s Effect of H 2 0 2 Concentration and Soak Times on 

Sporicidal Activity of H 2 0 3 Solution 

Concentration of H 2 Q 2 Solution 



Soak Time 


3% 


6% 


9% 


12% 


1 min 


4/4 


4/4 


4/4 


4/4 


5 min 


4/4 


4/4 


4/4 


4/4 


30 min 


4/4 


4/4 


4/4 


4/4 


60 min 


4/4 


4/4 


4/4 


4/4 


90 min 


N/D* 


* 4/4 


2/4 


0/4 


120 min 


N/D 


4/4 


N/D 


N/D 



* N/D - not determined 



^5 Complete sterilization was not effected until after the blades had been soaked in 1 2% hydrogen peroxide solution 

for at least 90 minutes. Moreover, none of the blades tested were sterilized after 2 hours in 6% hydrogen peroxide 
solution. It is clear from these data that contact with dilute hydrogen peroxide solution alone is ineffective at providing 
sterilization, unless extended soak times and concentrated solutions are used. 

Testing was next performed to evaluate the effect on the sterilization of long, narrow lumens of a pretreatment step 

30 in which the lumens to be sterilized are exposed to hydrogen peroxide solution prior to exposure to a vacuum. The 
testing evaluated the efficacy of hydrogen peroxide vapor sterilization inside the lumens. The testing is detailed below 
in Example 2. 

Example 2 

35 

A biological challenge consisting of 1 .9 x 10 6 B. stearothermophilus spores on a stainless steel scalpel blade was 
used. Some inoculated blades were p retreated with a solution of aqueous hydrogen peroxide. Other inoculated blades, 
designated control blades, did not receive pretreatment with hydrogen peroxide. The pretreatment consisted of 5 min- 
utes of static soaking in peroxide solution. The pretreated blades were blotted dry, and each blade was then placed 

40 inside a stainless steel lumen, 3 mm internal diameter (ID) x 50 cm length. The lumen had a center piece of 1.3 cm ID 
and 5 cm length. The pretreated blade was placed inside this center piece, and additional hydrogen peroxide solution 
was added into the center piece in various amounts. Control blades were handled identically, except that they did not 
receive pretreatment with hydrogen peroxide solution. The lumens were placed in a vacuum chamber, and the chamber 
was evacuated to 1 Torr and held there for 1 5 minutes, during which time the temperature increased from approximately 

45 23° C to approximately 28° C. Following exposure to the vacuum, the chamber was vented and the blades were removed 
from the chamber and tested for sterility. The results were as follows: 
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Table 2 

Effect of Pretreatroent and Hydrogen Peroxide Concentration 
n Sterilization f the Interior f Lumens 

(A) With 1 % hydrogen peroxide solution and vacuum 



Additionil poroxidt addtd into 
tho contor pttCO 


Blodts not pittfiattd with 
porendo 


Bttdss pratrostod in ptfoxidt 
solution 




♦ 




2Qul 






3tyA 


♦ 




4tyL 






bQfA 




♦ 




♦ 




150^1 


4- 




20QpL 






25%/L 
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(B) With 3% hydrogen peroxide solution and vacuum 



Additional pronto addtd into 
tiro crater pitct 


Blades not pntraaud with 
ptroxitto 


Btedes prstraatcd "n paroiide 
solution 


\Q/A 






20fA. 






3Q/A. 


















WW. 






ISQpl 






20fyiL 






25QpL 







(Q With 6% hydrogen peroxide solution and vacuum 



AAftional pronto rttod into 

thl LMtlf fUBCt 


BnS R81 (HiuHrtQ vuui 

poroikto 


Bbihs pfititittd ■ poioiide 
solution 


1(VA 






2tyiL 












MfA. 






SBfA. 







As seen from these results, sterilization can be effected using relatively dilute solutions of peroxide and exposure 
to negative pressure. When the vacuum was applied, the peroxide added to the center piece of the lumen was vaporized 
and contacted the blade, which was sufficient to effect sterilization. It can be seen from these data that the pre-treatment 
increases effectiveness, but that pre-treatment is unnecessary as long as the -peroxide diffuses from the inside to the 
outside,. 

Sterilization inside various lumen sizes after pretreatment with peroxide was compared with sterilization inside the 
lumens without the pretreatment step. This testing is detailed in Example 3. 

Example 3 

A biological challenge consisting of 1 .9 X 10 6 B. stearothermophilus spores on a stainless steel scalpel blade was 
used. Test A in Table 3 below consisted of the inoculated blades being pretreated with a solution of 3% aqueous 
hydrogen peroxide. The pretreatment consisted of 5 minutes of static soaking in the peroxide solution. The pretreated 
blades were blotted dry, then placed into the center piece of a stainless steel lumen which varied in size, together with 
10 ui of 3% hydrogen peroxide solution. The center piece was 1.3 cm ID and 5 cm length. Test B in Table 3 below 
consisted of identically inoculated control blades which did not rec ive p retreat m nt with hydrogen peroxide. Each 
inoculated control blade was placed directly into the center piece of a stainless steel lumen together with 10uJ of 3% 
hydrogen peroxide solution. The center piec had dimensions identical to those in Test A. Lumens of various dimensions 
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were used to evaluate the effect on sterilization of lumen internal diameter and length. The lumens were placed in a 
vacuum chamber, and th chamb r was evacuated to 1 Torr for 1 5 minutes. During this 1 5 minutes of the sterilization 
cycle, the temperature increased from approximately 23°C to approximately 28°C. Following exposure to the vacuum, 
the chamber was vented and the blad s were removed from the chamb rand tested for sterility. The results are r port d 
5 in Table 3, where "LID Ratio" indicates the ratio of length to internal diameter. 



Table 3 



10 



25 



Effect of Pretreatment With Dilute Hydrogen Peroxide in various Sized Lumens 


SS lumen size 


UD Ratio 


Test A 


Test B 


1 mm x 50 cm 


500 






1 mm x 40 cm 


4UU 






1 mm x 27 cm 


270 






1mmx 15 cm 


150 






3mm x 50 cm 


1662/3 






3mm x 40 cm 


133V 3 






3mm x 27 cm 


90 




+ 


3mm x 1 5 cm 


50 


+ 


+ 


6mm x 50 cm 


83V 3 






6mm x 40 cm 


66% 






6mm x 27 cm 


45 


+ 


+ 


6mm x 15 cm 


25 




+ 



All lumens having a UD ratio greater than 50 which were tested under the conditions of Test A of Example 3 were 

30 sufficiently diffusion-restricted to be sterilized in this system. Thus, it is believed that other lumens having an LID ratio 
greater than 50 should also provide a sufficient level of diffusion-restriction for sterilization in accordance with the 
present invention. This testing shows that, in direct contrast to prior art methods, sterility through diffusion of hydrogen 
peroxide vapor from inside the article to outside the article is easier to achieve in longer, narrower lumens than in 
shorter, wider lumens. This is believed to be due to the larger lumens allowing too much of the hydrogen peroxide 

35 vapor to diffuse out of the inside of the lumen during the sterilization process. Thus, the vapor does not contact the 
internal surfaces for a period of time sufficient or at a concentration sufficient to effect sterilization. 

As discsussed above, prior art methods of hydrogen peroxide vapor sterilization of lumens are generally limited 
to use on relatively short and wide lumens. In contrast to these prior art methods, the method of the present invention 
is effective on the interior of long, narrow lumens, including those longer than 27 cm in length and/or having an internal 

40 diameter of less than 3 mm. 

To determine whether the ability of the sterilant vapor to diffuse within the system is a critical factor in achieving 
sterility, additional testing was performed to compare diffusion restricted and open, non-diffusion restricted systems. 
A non-diffusion restricted system is one in which the diffusion of vapors in and around the article is not restricted by 
narrow openings, long, narrow lumens, or the like. As used herein, "diffusion-restricted" refers to any one or more of 

45 the following properties: (1) the ability of an article placed within the sterilization system of the present invention to 
retain 0.17 mg/L or more hydrogen peroxide solution after one hour at 40°C and 10 torr; (2) having the same or more 
diffusion restriction than provided by a single entry/exit port of 9 mm or less in internal diameter and 1 cm or greater 
in length; (3) having the same or more diffusion restriction than provided by a lumen 27 cm in length and having an 
internal diameter of 3 mm; (4) having the same or more diffusion restriction than provided by a lumen having a ratio of 

50 length to internal diameter greater than 50; (5) the ability of an article placed within the sterilization system of the 
present invention to retain 17% or more of the hydrogen peroxide solution placed therein after one hour at 40°C and 
10 torr; or (6) being sufficiently diffusion-restricted to completely sterilize a stainless steel blade within a 2.2 cm by 60 
cm glass tube having a rubber stopper with a 1 mm by 50 cm stainless steel exit tube therein at a vacuum of 10 torr 
for one hour at 40°C in accordance with the present invention. It is acknowledged that characteristics (1) and (5) will 

55 vary depending on the initial concentration of hydrogen peroxide placed into the article; however, this can be readily 
determined by one having ordinary skill in the art. 

As discussed in th Background of the Invention, articles having diffusion restricted areas are difficult to sterilize 
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using known methods of hydrogen peroxide vapor sterilization, since these methods are dependent upon the diffusion 
of peroxide vapors from outsid the arttcl to the interior of the article. Testing performed to evaluate the importanc 
of sterilant vapor diffusion is described in Example 4. 



5 Example 4 



Hydrogen peroxide vapor sterilization was tested in both open and diffusion restricted systems. The open system 

consisted of stainless steel lumens having internal diameters of 1, 3, and 6 mm, and lengths of 15, 27, 40 and 50 cm. 

Stainless steel scalpel blades were inoculated with 1.9 X 10 6 B. stearothermophilus spores, and the blades placed in 
10 the center piece of the lumen together with 1 0 uJ of 3% hydrogen peroxide solution. The dimensions of the center piece 

were 1 .3 cm ID, 5 cm length and 6.6 cc volume. 

The diffusion restricted system is illustrated in FIGURE 1 . Identically inoculated scalpel blades 5 were placed within 

the center pieces 10 of lumens 15 having dimensions identical to those described above. Ten uJ of 3% hydrogen 

peroxide solution was also added to the center piece 10 of the lumen 15. The lumen 15 was then placed within a 2.2 
is cm x 60 cm glass tube 20. The tube 20 was closed at one end, and the open end was plugged with a rubber stopper 

25 having a 1 mm x 10 cm stainless steel tube 30 inserted through the stopper 25. Thus, gases entering or exiting the 

glass tube 20 could pass only through this 1 mm x 10 cm opening. 

The open lumen system and the diffusion restricted system were placed inside a vacuum chamber. The chamber 

was evacuated to 1 Torr pressure and held there for 15 minutes, during which time the temperature increased from 
20 approximately 23°C to approximately 28°C. The chamber was then vented, and the blades removed from the lumens 

and tested for sterility. The results are as follows: 

Table 4 

Hydrogen Peroxide vapor Sterilization in Open and Diffusion Restricted Systems 



System 


Peroxide amount 


Length 


1mm ID 


3mm ID 


6mm ID 


Open 


10uLof3% 


50 cm 








40 cm 








27 cm 






+ 


15 cm 




+ 




Diffusion Restricted Environment 


10ulof3% 


50 cm 








40 cm 








27 cm 








15 cm 









Under the test conditions of Example 4, sterilization was not achieved in the shorter, wider lumens in the open 
system without pre-treatment with hydrogen peroxide. Pre-treatment, and other test conditions, such as higher peroxide 
concentration or longer treatment time, would likely allow sterilization of the 27 cm X 3 mm lumen, which has an LVD 
ratio greater than 50. In the diffusion restricted system, the blades were sterilized in all sizes of lumens, using a 3% 
hydrogen peroxide solution. 

These results indicate that providing a source of hydrogen peroxide within a diffusion restricted environment allows 
for complete sterilization within the system. It is the restriction of vapor diffusion in the system, not the length or internal 
diameter of the lumen per se that determines the efficacy of the hydrogen peroxide vapor sterilization. Again, however, 
these data show that, unlike the prbr art methods of hydrogen peroxide vapor sterilization of lumens, the method of 
the present invention is effective even on non-diffusion-restricted articles when placed into a diffusion-restricted envi- 
ronment. 

To further test the idea that restriction of the diffusion of vapor in a system affects the ability to sterilize the system, 
the following experiment was performed. 



Example 5 

A stainless steel scalpel blade 5 was placed within a 2.2 cm x 60 cm glass tube 20 which was closed at one end, 
as illustrated in FIGURE 2. Each blade 5 had been inoculated with 1 .9 X 10 6 B. stearothermophilus spores. For som 
of the t sting, the glass tube 20 was left open at one end, providing an open system. To create a diffusion restricted 
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environment, the open end of the glass tub 20 was sealed with a rubber stopper 25 having a 1 mm x 10 cm stainless 
steel tube 30 through its center. In both th open and diffusion restricted systems, hydrogen peroxide solution at a 
concentration of either 3% or 6% was added to the glass tube 20 in amounts of 50, 100, 150 or 200 uJ, together with 
the inoculated blad 5. Th tub 20 was placed in a vacuum chamber, and the chamber evacuated to 1 Torr for 15 
minutes, during which time the temperatur increased from approximately 23*C to approximately 28*C. The diffusion 
restricted system only was also tested at 1 Torr for 30 minutes, during which time the temperature increased from 
approximately 23°C to approximately 33° C. The vacuum chamber was then vented, and the blades 5 removed from 
the tube 20 and tested for sterility. The results are listed in Table 5 below. 



10 



Table? 



15 



20 



25 



30 



Hydrogen Peroxide Vapor Sterilization in 
Open and Diffusion Restricted Systems 



Open System, 15 minutes vacuum at 1 Tom 





50 nl 


100 //L 


150//L 


200 //L 


3% peroxide 


+ 


+ 




+ 


6% peroxide 


+ 


+ 


+ 


+ 


Diffusion Restricted System, 15 minutes vacuum at 1 Torr: 




50 pL 


100//L 


150//L 


200 //L 


3% peroxide 










6% peroxide 











35 



40 





50 /iL 


100 //I 


150 //I 


200 //L 


I 3% peroxide 











These results show that the addition of hydrogen peroxide solution, followed by exposure to vacuum, is ineffective 
for achieving rapid sterilization in an open system. Identical treatment in a diffusion restricted system, by comparison, 
results in complete sterilization, except at the very weakest concentration of hydrogen peroxide solution in an amount 

45 of only 50 uJ. Sterilization can be effected, however, by increasing the exposure to the vacuum. 

Thus, the method of the present invention, wherein small amounts of hydrogen peroxide solution are delivered to 
the article to be sterilized prior to exposure to a vacuum, is an effective method of sterilization. The method does not 
depend on the diffusion of sterilant vapor into the article being sterilized. Rather, the hydrogen peroxide vapor is created 
by the vacuum within the system. This vapor is prevented from leaving the system too quickly, because the diffusion 

50 of the sterilant vapor from the inside of the article to the outside of the article is slowed. In a diffusion restricted envi- 
ronment, the vapor therefore contacts the article to be sterilized for a period of time sufficient to effect complete ster- 
ilization. In addition, unlike the prior art methods where the water in the peroxide solution is vaporized first and becomes 
a barrier to the penetration of the peroxide vapor, the method of the present invention removes the water from the 
system first, th ereby concentrating the hydrogen peroxide vapor remaining in the system. More importantly, in the 

55 present invention, the diffusion of vapor is from the inside to outside rather than outside to inside as in the prior art. As 
a r suit, diffusion-restriction in the present invention serves to increase the effectiveness of sterilization rath r than to 
decrease the effectiv ness, as in the prior art. 

Todetermin the effect of various pr ssures on a diffusion restricted sterilization system, the following xp riment 
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was performed. 
Example 6 

s A stainless ste I scalp I blade 5 was placed within a 2.2 cm x 60 cm glass tub 20 which was closed at one end, 

as shown in FIGURE 2. Each blade 5 had been inoculated with 1.9 X 10 6 B. steafothermophilus spores. To create a 
diffusion restricted environment, the open end of the glass tube 20 was sealed with a rubber stopper 25 having a 1 
mm x 1 0 cm stainless steel tube 30 through its center. Hydrogen peroxide solution at a concentration of 3% was added 
to the glass tube 20 in amounts of 50, 100, 150 or 200 uJ, together with the inoculated blade 5. The tube 20 was placed 

10 in a vacuum chamber, and subjected to various pressures for 15 minutes, during which time the temperature increased 
from approximately 23°C to approximately 28° C. In a further experiment to determine the effect of increased temper- 
ature on the system, the tube 20 was first heated to 45°C, then subjected to 50 Torr pressure for 15 minutes. The 
results were as follows. 

15 

Table 6 

Effect of Temperature and Pressure on a Diffusion Restricted System 



15 minutes vacuum with 3% hydrogen peroxide solution: 





50 pL 


100 //L 


150//L 


200 //L 


1 torr pressure 


+ 








5 torr pressure 










10 torr pressure 










15 torr pressure 










20 torr pressure 










25 torr pressure 










30 torr pressure 


+ 




+ 


+ 


35 torr pressure 


+ 


+ 


+ 


+ 


40 ton pressure 


+ 


+ 


+ 


+ 


45 torr pressure 


+ 


+ 


+ 


+ 


50 torr pressure 


+ 




+ 


+ 



45 



15 minutes vacuum with 3% hydrogen peroxide at 45 °C: 





50 //L 


100 lA. 


150 /fl 


200 nl 


50 torr pressure 











These data show that sterilization can be achieved in diffusion restricted environments at pressures up to about 
55 25 Torr at 28° C. At pressures of 30 Torr and higher, sterilization was not achieved; this is believed to be due to the fact 
that the vapor pressure of hydrogen peroxide at 28°C is approximately 28 Torr. Thus, at higher pressures, the liquid 
hydrogen p roxide inside the glass tube was not vaporizing. This was confirmed by th testing done at 50 Torr pressur 
at 45°C, wherein sterilization was achieved. Th vapor pressure of hydrogen peroxid is incr ased at 45*0, thus, th 
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hydrogen peroxide was vaporized at 50 Torr, effectively sterilizing the blade placed inside the tube. 

Accordingly, in order to achiev st rilization using the method of the present invention, the temperatur and pres- 
sure within the vacuum chamber should be such that vaporization of the aqueous hydrogen peroxide solution is 
achieved, i.e. the syst m should pr f rably be op rated below the vapor pressur of th hydrogen p roxid . The 
s pressur needs to be b fow the vapor pressure of hydrogen peroxide, such that the hydrog nperoxid solution present 
in the system is vaporized and diffuses from the interior of the diffusion restricted environment to the outside. Alterna- 
tively, the hydrogen peroxide can be vaporized locally where the system remains above the vapor pressure by intro- 
ducing energy to the site of the peroxide, such as through microwaves, radio waves, or other energy sources. 

To further determine the effect of varying the pressure and the temperature in the diffusion restricted system de- 
10 scribed in Example 6, the following experiments were performed. 

Example 7 

A stainless steel scalpel blade 5 was placed within a 2.2 cm x 60 cm glass tube 20 which was closed at one end, 
is as illustrated in FIGURE 2. Each blade 5 had been inoculated with 1 .9 X 1 0 6 B. stearothermophiius spores. To create 
a diffusion restricted environment, the open end of the glass tube 20 was sealed with a rubber stopper 25 having a 1 
mm x 10 cm stainless steel tube 30 through its center. Hydrogen peroxide solution at a concentration of 3% was added 
to the glass tube 20 in amounts of 50, 1 00, 1 50 or 200 uJ together with the inoculated blade 5. The tube 20 was placed 
in a vacuum chamber, and the chamber evacuated to 5 Torr. To vary the pressure within the chamber, the valve to the 
20 vacuum pump was closed, such that the pressure within the chamber rose from 5 Torr to 6.15 Torr after 15 minutes, 
during which time the temperature increased from approximately 23° C to approximately 28°C. In a second test, the 
tube 20 was placed in the chamber and the chamber was evacuated to 50 Torr The temperature of the glass tube 20 
was increased to 45°C after the evacuation of the chamber was complete. The tube 20 was treated for 15 minutes. 
The results of these tests are reported below. 

25 



Table 7 



Effect of Varying Temperature and Pressure on Diffusion Restricted Sterilization System 


Pressure increased from 5 Torr to 6.15 Torn 




50 uL 


100 uL 


150 uL 


200 uL 


Efficacy Results 




















Temperature of the tube increased to 45°C: 




50 uL 


100 uL 


150 uL 


200 uL 


Efficacy Results 











These results show that maintaining a constant pressure or temperature is not required in the diffusion restricted 
environment to effect sterilization. Under the conditions tested, the hydrogen peroxide is vaporized and kept in contact 
with the device to be sterilized for a time sufficient to effect complete sterilization. 

The method of the present invention relies on the delivery of liquid hydrogen peroxide to the article to be sterilized 
prior to vacuum or plasma treatment. The following testing was performed to determine the effect of the location of the 
delivery of the hydrogen peroxide within the diffusion restricted environment. 

Example 8 

A stainless steel scalpel blade 5 was inoculated with 1.9 X 10 6 B. stearothermophiius spores, and the blade 5 
placed in the center piece 10 of a lumen 15 as illustrated in FIGURE 1 . The dimensions of the center piece 10 were 
1.3 cm ID, 5 cm length and 6.6 cc volume, while the lumen itself varied in size, having an ID of 1, 3 or 6 mm, and a 
length of 1 5, 27, 40 or 50 cm. The lumen 1 5 was placed within a 2.2 cm x 60 cm glass tube 20. The tube 20 was closed 
at one end, and the open end was plugged with a rubber stopper 25 having a 1 mm x 10 cm stainless steel tube 30 
placed through the stopper 25. Thus, gases entering or exiting the glass tube 20 could pass only through this 1 mm x 
10 cm opening. 10 u.l of 3% hydrogen peroxide solution was placed inside the lumen 15, or 100 u.l of 3% hydrogen 
peroxid solution was placed insid th glass tub 20, but outside the stainless st I lumen 15. Th glass tube 20 was 
then placed in a vacuum chamber, which was sealed and evacuated to 1 Torr for 15 minutes, during which tim the 
temp ratur increased from approximately 23°C to approximat ly 28°C. Results of this testing are as follows. 
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Table 8 



10 



15 



Effect of Hydrogen Peroxide Solution Placed Outside Inner Lumen 


Peroxide amount 


Lenght 


1 mm ID 


3 mm ID 


6 mm ID 


10 uL of 3% in lumen 


50 cm 


- 


- 


- 


40 cm 








27 cm 








15 cm 








1 0Ou-L of 3% in glass tube 


50 cm 


+ 


+ 


+ 


40 cm 


+ 


+ 


+ 


27 cm 


+ 


+ 


+ 


15 cm 


+ 


+ 
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25 



30 



These data show that, under the test conditions of Example 8, sterilization did not occur within the inner lumen 
when the hydrogen peroxide solution was placed outside the lumen in a diffusion restricted environment, but that 
complete sterilization was effected when the hydrogen peroxide solution was placed inside all of the lumens in a dif- 
fusion restricted environment. When the hydrogen peroxide vapor must diffuse from outisde to inside, the sterilant 
vapor cannot enter the inner lumen in a diffusion restricted environment unless the lumen is sufficiently large. Thus, 
when the hydrogen peroxide solution was placed outside the lumen, only the shortest, widest lumens allowed sufficient 
vapor penetration to allow sterilization inside the lumen. These data confirm that prior art methods which require dif- 
fusion of sterilant vapor from outside the article to the interior article cannot achieve sterilization in diffusion restricted 
environments under these conditions. In contrast, under the same conditions except where the hydrogen peroxide was 
placed inside the article, allowing hydrogen peroxide to diffuse from inside to outside, complete sterilization occurred 
with much lower amounts of hydrogen peroxide. 

The method of the present invention is therefore useful in environments where diffusion of the sterilant vapor is 
limited. To evaluate the effect of changes in the amount of diffusion restriction within a diffusion restricted environment, 
the following testing was performed. 



35 



40 



Example 9 

A stainless steel scalpel blade 5 was inoculated with 1 .9 X 10 6 B. stearothermophifus spores, and placed in a 2.2 
cm x 60 cm glass tube 20 as illustrated in FIGURE 2. The tube 20 was closed at one end, and the open end was 
plugged with a rubber stopper 25. Stainless steel tubing 30 of various dimensions was inserted through the stopper 
25. Thus, gases entering or exiting the glass tube 20 could pass only through the opening in the tubing 30, which varied 
from 1 mm to 6 mm in diameter. Three percent hydrogen peroxide solution in volumes ranging from 50 \iL to 200 uL 
was also placed inside the glass tube 20. The glass tube 20 was then placed in a vacuum chamber, which was sealed 
and evacuated to 5 Torr for 15 minutes, during which time the temperature increased from approximately 23°C to 
approximately 28°C. In addition, three lumens were tested at 1 0 Torr for 1 5 minutes with 3% hydrogen peroxide. The 
results of this testing are listed below in Table 9. 



45 



so 



55 
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Table 9 

5 Effects f Tubing Dimension and 

Vacuum Pressure on Sterilization 



15 minutes vacuum at 5 Torr with 3% hydrogen peroxide 



SS tubing 


50 ul 


100 //L 


150 //L 


200 f/L 


1mm x 10cm 










1mm x 5cm 










1mm x 2.5cm 


+ 








3mm x 10cm 










3mm x 5cm 










3mm x 2.5cm 


+ 








6mm x 10cm 










6mm x 5cm 


+ 








6mm x 2.5cm 


+ 









15 minutes vacuum at 10 Torr with 3% hydrogen peroxide 



SS tubing 


50 //L 


1mm x 2.5cm 




3mm x 2.5cm 




6mm x 2.5cm 





40 

Complete sterilization was achieved in the majority of the environments tested. Sterilization could not be achieved 
at 5 torr using the shortest length of stainless steel tubing and only 50 uJ hydrogen peroxide solution. Greater volumes 
of hydrogen peroxide must be used in these systems. 

These data also confirm that the vacuum pressure affects sterilization efficacy, since the container with the shortest 

45 and widest exit tube could provide sterilization at 10 Torr, but not at 5 Torr. At too low pressures (such as pressures 
below 5 Torr in the conditions tested) however, it appears that the hydrogen peroxide vapor is pulled from the interior 
of the article being sterilized too quickly, resulting in an insufficient amount of hydrogen peroxide vapor being allowed 
to contact the interior of the device to effect sterilization. It would appear that although a pressure of 5 torr produces 
acceptable results, a pressure of approximately 10 Torr is better under the conditions tested. 

so The method of the present invention has been shown to be effective in diffusion restricted environments of metal 

and glass. To evaluate whether the method is effective in diffusion restricted environments formed of other materials, 
the experiments described in Examples 10 and 11 were performed. 

Example 10 

ss 

For this testing, a diffusion restricted syst m was tested. 1 .2 X 10 6 8. stearothermophilus spores were inoculated 
onto non-woven polypropylene pieces. As illustrated in FIGURE 1, the inoculated pieces 5 were placed inside the 
center piec 1 0 of a plastic lum n 1 5, together with 1 0 u.l of 3% hydrogen peroxid solution. The c nter piec 1 0 was 
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made of Teflon™ and had dimensions of 1 .3 cm x 5 cm. The lumen 1 5 varied from 1 mm to 6 mm ID, and 1 5 cm to 50 
cm in length. Teflon™ was used for th 1 mm lumen, polyethylene was used for the 3 mm and 6 mm lumen. The lumen 
15 was then placed within a 2.2 cm x 60 cm glass tube 20. The glass tube 20 was closed on on nd, and the open 
end was sealed with a rubber stopp r 25 having a 1 mm x 10 cm piec of PTFE tubing 30 through it. Ttie glass tub 
5 20 was placed in the vacuum chamber and treated for 15 minutes at 1 Torr, during which time th temperatur incr ased 
from approximately 23°C to approximately 28°C. The results of this testing are set forth below. 

Table 10A 

Sterilization in Diffusion Restricted Systems Using Plastic Lumens 



System 


Pressure 


Length 


1 mm ID 


3 mm ID 


6 mm ID 


Diffusion Restricted System 


1 torr 


50 cm 








40 cm 








27 cm 








15 cm 









Sterilization in diffusion restricted environments can be effected in both short, wide lumens and long, narrow lu- 
20 mens, regardless of whether metal or plastic is used to form the lumens. Thus, the method of the present invention is 
an effective sterilization method for diffusion restricted articles, and can be used on a wide variety of such articles, 
regardless of their composition. 

To further confirm this, 2. 1 X 1 0 6 B. stearothermophitus spores were inoculated on stainless steel blades, and 1 .2 
X 10 6 B. stearothermophilus spores were inoculated onto non-woven polypropylene pieces. As shown in FIGURE 2, 
2S the blades 5 or non-woven polypropylene pieces 5 were placed inside a 2.2 cm x 60 cm glass tube 20 together with 
50 uJ of 3% hydrogen peroxide solution. One end of the tube was closed, and the open end was sealed with a rubber 
stopper 25 having either a 1 mm x 10 cm stainless steel tube 30 therein, or a 1 mm x 10 cm piece of Teflon™ tubing 
30 therein. The glass tube 20 was placed inside a vacuum chamber and treated for 15 minutes at 5 Torr, during which 
time the temperature increased from approximately 23°C to approximately 28°C. The results are as follows. 

30 



Tabl e 10 P 

Effect of Metal and Plastic on Sterilization 
in a Diffusion Restricted System 





SS tubing 


Teflon tubing 


Metal blade 






Polypropylene 







Thus, all four combinations of metal and plastic provide for effective hydrogen peroxide vapor sterilization in a 
diffusion restricted environment. This testing confirms that the method of the present invention is an effective steriliza- 
tion method for diffusion restricted articles, and can be used on a wide variety of such articles, regardless of the materials 
used to form them. 

Further testing was next performed to evaluate the effect of various temperatures and pressures on the sterilization 
of a diffusion restricted system. The testing is described below. 

Example 1 1 

Stainless steel blades were inoculated with 2.1 X 10 6 B. stearothermophilus spores. The blades 5 were placed 
inside a 2.2 cm x 60 cm glass tube 20 as illustrated in FIGURE 2, along with various amounts of 3% hydrogen peroxide 
solution. Th glass tube 20 was placed in a vacuum chamb r and subjected to diff rent pressures and different tem- 
peratures for various periods of time. During the sterilization cycles reported in Table 11 A, the temperature increased 
from approximately 23°C to th temperatur s indicated. In the experiments reported in Table 11 B, th chamber was 
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heated to approximately 45°C. In an alternative embodiment, rather than heating the chamber, the temperature of the 
peroxide solution itself can be heated. In the xperiments reported in Table 11 C, the temp rature increased from ap- 
proximately 23°C to approximately 28°C during the 15 minute period of exposure to vacuum. 

5 Table 11 A 



Effect of Time and Volume of Peroxide on Sterilization in a Diffusion Restricted Environment 


At 5 Torr pressure: 




5 min. (approx. 24°C) 


10min. (approx. 26°C) 


15 min. (approx. 28°C) 


50 uL of 3% peroxide 








100 uL of 3% peroxide 








150 uL of 3% peroxide 


+ 






200 uL of 3% peroxide 


+ 







Table 11 B 



Effect of Elevated Chamber Temperature and Volume of Peroxide on Sterilization in a Diffusion Restricted 


Environment 




Chamber at approximately 45°C: 




5 min. 


1 50 jiL of 3% peroxide 




200 |iL of 3% peroxide 





Table 11 C 



Effect of Pressure and Volume of Peroxide on Sterilization in a Diffusion Restricted Environment 


With 15 minutes exposure time: 


Approx. 28°C 


1 torr 


5 torr 


10 torr 


20 uJ_ of 3% peroxide 


N/D 






50 uJ_ of 3% peroxide 


+ 






100 uL of 3% peroxide 









40 Under the test conditions of Example 11 , large volumes of hydrogen peroxide solution were ineffective at achieving 

sterilization when vacuum was applied for only very short periods of time. This is believed to be at least partially because 
water vaporizes more quickly than hydrogen peroxide. Thus, the water present in the aqueous solution will vaporize 
first, and more time is needed to vaporize the hydrogen peroxide. This also explains why the larger volumes of hydrogen 
peroxide solution were effective at achieving sterilization at higher temperatures; the vaporization of the hydrogen 

45 peroxide occurs sooner at higher temperatures. Thus, when more water is present in the system, either higher tem- 
peratures or more time is required to achieve sterilization. 

Again, it would appear from these data that slightly higher pressures, i.e. 1 0 Torr, achieve more effective sterilization 
under these conditions. This is believed to be because at higher pressures, more hydrogen peroxide vapor is retained 
inside the system. At too bw a pressure, the hydrogen peroxide vapor is pulled out of the system too quickly. 

so In order to evaluate a putative minimum concentration of peroxide in the liquid/vacuum system in a diffusion- 

restricted container, Example 12 was carried out. 



Example 12 

55 Various concentrations of peroxide were used in a system substantially as described in connection with Figure 2. 

In this system, the exit tube 35 was a stainless steel tube having a length of 50 cm and an internal diameter of 1 mm. 
A stainless steel blade inoculated with 1.9 X 10 6 spores of B. stearothermophilus was placed within th contain r 
which was a 2.2 cm X 60 cm glass tube, various amounts of 3% hydrogen peroxide wer introduced into the contain r. 
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The container was placed in a vacuum chamber of 173 liters, and the pressure reduced to 10 Torr for a period of one 
hour, during which time the t mp ratur incr ased from approximately 23 °C to approximately 40° C. Sporicidal activity 
was evaluated at each concentration of peroxide. In addition, the amount of peroxide remaining in the container after 
th sterilization process was evaluated by standard titration techniques, wh reby the p roxid was r acted with po- 
tassium iodide and titrated with sodium thiosutfat . Results ar shown in Table 1 2 wh re "N/D" indicates not determined. 



Table 12 



Amount of Peroxide in Glass Tube 


Sporicidal Activity 


Remaining Peroxide 


0.5 mg/L liquid 


+ 


N/D 


0.6 mg/L liquid 


+ 


N/D 


0.7 mg/L liquid 


+ 


N/D 


0.8 mg/L liquid 


+ 


N/D 


0.9 mg/L liquid 


+ 


N/D 


1 .0 mg/L liquid 




0.17 mg/L 



The results reported in Table 12 indicate that 1.0 mg/L of 3% liquid peroxide were required in the system tested 
to effect sterilization. Further, under the conditions tested, a concentration of 0.17 mg/L of peroxide remaining in the 
system was sufficient to provide complete sterilization. These data also show that the glass tube used in these exper- 
iments provided a sufficient level of diffusion restriction to retain 17% of the hydrogen peroxide placed therein. 

We further investigated the effects of length and internal diameter of the exit tube used in a system similar to that 
of Example 12. This testing is shown in Example 13. 

Example 1 3 

A system similar to that described above in connection with Example 12, with the exception that 15 minutes of 
vacuum rather than one hour was used. Thus, the temperature increased only to about 28°C. In this testing, the size 
of the exit tube 35 was varied, as well as the volume of 3% peroxide solution. The results are reported below in Table 1 3. 



Table 13 





50 /yl 


100 //I 


150 //I 


200 lA 


Open without tubing 


+ 


+ ' 


+ 


+ 


6 mm ID x 1 cm length 


+ 








9 mm ID x 1 cm length 


+ 








13 mm ID x 1 cm length 


+ 


+ 


+ 


+ 



The results show that provided sufficient peroxide is present, the diffusion-restriction provided by a single entry/ 
exit port of 9 mm or less in internal diameter, or 1 cm or greater in length is sufficient to effect sterilization. 

To further evaluate the effect on sterilization efficacy of changes in the amount of restriction of vapor diffusion in 
the system, the following testing was performed. 

Example 14 

A stain I ss st el blade was inoculated with 2.1 X 1 0 6 B. stearothermophilus spores. The blad 5 was placed insid 
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a 2.2 cm x 60 cm glass tube 20 as shown in FIGURE 3, together with various amounts of 3% hydrogen peroxide 
solution. One end of th tube was closed, and the open end was sealed with a rubb rstopp r 25 having a syringe fi It r 
35 inserted therein. Th glass tube 20 was placed inside a vacuum chamber and treated for 1 5 minutes at 5 Torr, during 
which time th temperatur increased from approximately 23°C to approximately 28°C. As a control, identically inoc- 

s ulated blades were placed insid 2.2 cm x 60 cm glass tub s. The open end of the tubes was left open, no stopper or 
syringe filter was used. Thus, the diffusion of vapor from the interior of the tube was not restricted. 

Various syringe filters having various pore sizes were tested, including MFS PTFE 25 mm syringe filters with a 0.2 
um membrane filter and a 0.5 urn membrane filter; a Nalgene PTFE 50 mm syringe filter with a 0.2 um membrane filter 
and a 0.45 um membrane filter; a Whatman Anotop™ 10 Plus sterile syringe filter with a 0.02 um membrane filter and 

io a 0.1 urn membrane filter; and finally, a Gelman Acrodisc™ CR PTFE syringe filter with a 0.2 um, 0.45 um, and a 1 .0 
um membrane. The results are as follows. 



75 



20 



2S 



30 



35 



40 



45 



SO 



55 
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Table 14 

Sporicidal Activity of H 2 0 2 Solution with Vacuum 
in a Container Having a Syringe Filter 



15 minutes vacuum and 3% hydrogen peroxide: 
(a) Without syringe filter and stopper 





50 ML 


100 //L 


150//L 


200 ill 


5 Torr 


+ 


+ 


+ 


+ 


lOTorr 


+ 


+ 


+ 


+ 


(b) With MFS- PTFE 25 mm syringe filter 






(1) 0.2 fim membrane filter 








50 


100 //L 


150 fA. 


200 ill 


5 Ton- 


+ 








IC) Torr 










(2) 0.5 /im membrane filter 




50 ill 


100 /il 


150//L 


200 nl 


5 Torr 


+ 








lOTorr 











(3) With 2 MFS" filters together at 5 Torr pressure 





50 fil 


Two 0.2//m filters 




Two 0.5//m filters 
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(c) With Nalgene* PTFE 50 mm syringe filter: 
(1) 0.2 //m membrane filter 





50 til 


100 pL 


150 //I 


200 tA. 


5Torr 










lOTorr 










(2) 0.45 //m membrane filter 




50 f/l 


100 til 


150 //L 


200 /#L 


5Torr 










lOTorr 











(d) With Whatman Anotop™ 10 Plus syringe filter: 
(1) 0.02 /mi membrane filter 





50 fA. 


100 //L 


5 Torr 






lOTorr 






(2) 0.1 


fjm membrane filter 


50 fjl 


100//L 


5 Torr 






lOTorr 







(e) With Celman Acrodisc" CR PTFE syringe filter: 
(1) 0.2 tm membrane filter 





50 til 


100 fil 


5 Torr 


+ 




lOTorr 
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(2) 0.45 ism membrane filter 





50 Ml 


100 Ml 


5 Torr 


+ 




10Torr 






(3) 1 .0 fim membrane filter 




50 //L 


100 Ml 


5 Torr 


+ 




10Torr 







As is apparent from these results, certain brands of filters do not create a sufficiently diffusion restricted environment 
20 at 5 Torr pressure when only 50 u,L of hydrogen peroxide solution is placed in the system. Other brands of filters did 
provide sufficient diffusion restriction; these brands of filters had either longer lumens or smaller fitter pore size. Using 
larger volumes of peroxide solution, 10 Torr pressure, or serial filters enhances the efficacy of the sterilization system. 
This is important, as filters, including ones made of Tyvek™, are often used in packaging of sterile articles to prevent 
recontamination with bacteria. These filters generally have a pore size of 1 urn or less, or in the case of Tyvek™, create 
25 a tortuous path which bacteria cannot cross. In the present invention, filters can be used in combination with other 
packaging means to create a diffusion restricted environment to effect sterilization, and the sterile article can remain 
inside the packaging during storage prior to use; the filter will prevent re-contamination of the sterile article. 

In order to test whether other steritants can also be used to effect sterilization in diffusion restricted environments, 
the following testing was performed. 

30 

Example 15 

A stainless steel blade was inoculated with 1.9 X 10 6 B. stearothermophilus spores. The blade 5 was placed inside 
a 2.2 cm x 60 cm glass tube 20 as shown in FIGURE 2, along with various amounts of 4.74% peracetic acid solution 
35 (Solvay Interox Ltd., Warrington, England). The glass tube 20 was placed in a vacuum chamber and subjected to 5 
Torr pressure for 15 minutes, during which time the temperature increased from approximately 23? C to approximately 
28°C. The results of this testing is shown below. 



Table 15 



Sterilization With Peracetic Acid in a Diffusion Restricted System 




50 uL 


100 uL 


150 u.L 


200 uL 


Efficacy Results 











These results show that peracetic acid, in which hydrogen peroxide coexists, can also be used in the sterilization 
method of the present invention. 

It was discovered that by delivering small amounts of hydrogen peroxide solution to an article to be sterilized prior 
to exposure to vacuum, sterilization could be effected at lower temperatures and in short periods of time. The following 
testing was performed to evaluate different methods of delivering hydrogen peroxide solution to the article to be ster- 
ilized. Further, the efficacy of vacuum treatment and plasma treatment fol towing pretreatment with aqueous hydrogen 
peroxide were compared. The testing is described in Example 16 below. 



Example 16 

In a first series of tests, stainless steel blades were inoculated with 2.5 x 10 6 B. stearothermophilus spores. The 
blades wer placed in the expanded center piece of a 3 mm x 50 cm stainless steel lumen. The lumen was placed in 
a 1000 ml beaker containing 800 ml of hydrogen peroxide solution. Th lumen was soaked for 5 minutes in 3% hydrogen 
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peroxide solution. The number of surviving organisms following this initial soak was determined. The lumens were 
removed from th hydrogen p roxide solution and the outside blotted dry with paper towels. The inside of the lumens 
were dried by placing one end of the lumen into a flask and blowing with a three second burst of compressed air. The 
lumens wer shak n, and the blowing and shaking repeated until no mor solution was blown out. Subsequently th 
s lumen was placed in a st rilization chamb r and exposed to either a vacuum of 0.5 Torr for 1 5 minutes, or plasma for 
15 minutes at 0.5 Torr. After 15 minutes of vacuum, the temperature increased from approximately 23PC to approxi- 
mately 28°C. The results are set forth below in Table 16A. 



Table 16A 



10 


Effect of H 2 0 2 Solution Soak on Sporicidal Activity in Stainless Steel Lumens Prior to Either a Plasma or a vacuum 

Treatment 








Sterility Test Results 


IS 


Cone. H£> 2 ( % ) Soak Time 5 
min 


Number of Surviving 
Organisms After Soaking 
Alone 


Soak Alone 


Soak + Vacuum 


Soak + Plasma 




3.0 


8.2x10 s 


4/4 


0/4 


0/4 



A five minute soak in 3% hydrogen peroxide solution was an effective means for delivering the hydrogen peroxide 
into the lumen prior to vacuum or plasma treatment. As noted before, treatment with hydrogen peroxide solution only 
is ineffective to achieve sterilization using dilute solutions and short soak times. Delivery of hydrogen peroxide solution 
via static soaking is at least as effective a way to deliver the hydrogen peroxide as depositing small volumes directly 
into the lumen of the device. 

Flow-through delivery of hydrogen peroxide was tested next. Here, stainless steel blades were inoculated with 2.5 
X 1 0 6 B. stearothermophilus spores. The blades were placed in the expanded center piece of a 3 mm x 50 cm stainless 
steel lumen. Hydrogen peroxide solution at 3% concentration was delivered to the lumen at a flow rate of 0.1 Unriin, 
using a peristaltic pump. The lumen was dried as described above. Following pretreatment with hydrogen peroxide 
solution, the lumen was then placed in a sterilization chamber and exposed to either a vacuum of 0.5 Torr for 1 5 minutes, 
or plasma for 15 minutes at 0.5 Torr. The results are set forth below in Table 16B. 



Table 16B 



Effect of Flow-Through Delivery of H 2 O a Solution on Sporicidal Activity Prior to Either a vacuum or a Plasma 

Treatment in Stainless Steel Lumens 






Sterility Test Results 


Cone. H 2 0 2 (%) 5 min flow 


Number of Surviving Organisms 
after Flow Alone 


Flow + Vacuum 


Flow + Plasma 


3 


6.2x10 s 


0/4 


0/4 



Delivery of the hydrogen peroxide solution via constant flow is also an effective way to deliver hydrogen peroxide 
to the system. 

Finally, the effect of delivery of hydrogen peroxide by aerosol spray was tested. Stainless steel blades were inoc- 
ulated with 2.5 X 10 s a stearothermophilus spores. The inoculated blades were placed in the expanded center piece 
of a 3 mm x 50 cm stainless steel lumen. Three percent hydrogen peroxide solution was delivered to the lumen via a 
3 second aerosol spray. Aerosol spray rate was determined to be 0.04 L/min. After a 5 minute wait following pretreatment 
with hydrogen peroxide, the lumen was dried as described above and the lumen was then placed in a sterilization 
chamber and exposed to either a vacuum of 0.5 Torr for 15 minutes, or plasma for 15 minutes at 0.5 Torr. The results 
are set forth bebw in Table 16C. 



55 
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Table 16C 



Effect of Aerosol Delievery of hfeC^ Solution on Sporicidal Activity Prior to Either a Vacuum or a Plasma Treatment 

in M tal Lumens 






St rilrty T st Results 


Cone. H 2 0 2 (%) 


Number of Surviving Organisms after 
Aerosol Alone 


Aerosol + vacuum 


Aerosol + Plasma 


3 


7.4x10 s 


0/4 


0/4 



Flow-through of hydrogen peroxide as either a liquid solution or aerosol can also be achieved by introducing in- 
creased pressure at the delivery end or decreased pressure at the exit end of the device to be treated. 

It is evident from the data in Tables 16A-16C that all three methods of delivering hydrogen peroxide solution to the 
1S article to be sterilized provided for effective sterilization. Thus, it appears that a number of different methods of delivery 
can be used, as long as the hydrogen peroxide solution is present in the system prior to exposure to vacuum or plasma. 

Finally, the efficacy of pretreatment with hydrogen peroxide prior to a sterilization cycle which combines exposure 
to hydrogen peroxide vapor, vacuum, and plasma was evaluated. The testing was as follows. 

20 Example 1 7 

Stainless steel blades were inoculated with 2.5 X 10 6 B. stearothermophilus spores. The blades were soaked in 
3% hydrogen peroxide solution for either 1 or 5 minutes. The blades were then placed in the expanded center piece 
of a 3 mm x 50 cm stainless steel lumen. The lumen was then placed in a sterilization chamber which was evacuated 
2s to approximately 0.5 Torr. The sterilization cycle consisted of 15 minutes of hydrogen peroxide vapor diffusion with a 
minimum of 6 mg/L hydrogen peroxide, followed by 1 5 minutes of plasma at 400 watts. Following the plasma treatment, 
the chamber was vented and the blades tested for sterility. The results are shown below. 



Table 17 



Effects of H 2 02 Solution Soak on Sporicidal Activity in Stainless Steel Lumens Prior to a Hydrogen Peroxide Vapor 

and Plasma Cycle 






Sterility Test Results 


Cone. H 2 0 2 


Soak Time 


Soak Alone 


Soak + Cycle 


3% 


1 min 


4/4 


0/4 




5 min 


4/4 


0/4 



Processing the lumens in a hydrogen peroxide vapor and plasma cycle alone left an average of 30 surviving 
40 organisms per blade. Pretreating the blades by soaking in 3% hydrogen peroxide solution for 5 minutes alone left an 
average of 8.2 x 1 0 s surviving organisms per blade. Thus, under the test conditions, a combination of hydrogen peroxide 
vapor exposure and plasma exposure, which has been found to be effective for many articles, was ineffective in a 
diffusion restricted environment. However, by pretreating the article to be sterilized with dilute hydrogen peroxide so- 
lution prior to exposure to hydrogen peroxide vapor and plasma, complete sterilization can be achieved. 
45 While the invention has been described in connection with liquid sterilant solutions containing hydrogen peroxide, 

it will be appreciated by those having ordinary skill in the art that equivalent sterilization methods can be adapted for 
other sterilant liquids. In an alternative embodiment, a sterilant having a vapor pressure tower than that of water or 
other solvent in which the sterilant is provided is used. For such sterilants, it is only important that the vapor pressure 
be lower than that of the solvent within the temperature ranges contemplated herein. Such sterilants can be adapted 
so for the techniques described herein with only minor adjustments made for the differences in vapor pressure between 
peroxide and such other sterilant, as can be readily determined by those having ordinary skill in the art. As long as the 
local vapor pressure at the site of the sterilant liquid is below the vapor pressure of the sterilant, sterilization can be 
achieved substantially as described hereinabove. 

55 Conclusion 

Achieving rapid sterilization of lumened devices at low temperatures using low concentrations of sterilants has, 
until now, b en exceedingly challenging. A superior m thod of sterilization has b en discovered which overcomes the 
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problems of the known methods. By pretreating articles to be sterilized with an aqueous solution of hydrogen peroxide 
prior to exposure to a vacuum, rapid sterilization can be achieved at low temperatur s, without damage to the articles, 
without leaving toxic residues behind, and without the need to attach special vessels. The method of the present 
invention is efficient, nonhazardous, and inexp nsive as well. 

5 

Claims 

I . A method for sterilizing an interior of a device with a diffusion restricted area therein comprising the steps of: 

10 

contacting the diffusion restricted area with a liquid solution comprising hydrogen peroxide; 

exposing the diffusion restricted area to negative pressure so as to vaporize at least a portion of the liquid 

solution and for a time period sufficient to effect complete sterilization of said diffusion restricted area. 

is 2. The method of claim 1 , wherein said liquid solution is an aerosol. 

3. The method of claim 1 , wherein said solution is peracetic acid. 

4. The method of claim 1 , wherein said contacting step comprises delivery via one or more methods selected from 
20 the group consisting of injection, static soak, liquid flow-through and aerosol spray. 

5. The method of claim 1 , wherein said area is a lumen. 

6. The method of claim 1 , further comprising the step of exposing said device to a plasma during the step of exposing 
25 the device to negative pressure. 

7. The method of claim 1 , wherein said area has the same or more diffusion restriction than provided by a lumen 27 
cm in length and an internal diameter of 3 mm. 

30 8. The method of claim 1 , wherein said area has the same or more diffusion restriction than provided by a lumen 
having a ratio of length to internal diameter greater than 50. 

9. The method of claim 1 , wherein said solution is at a concentration of less than 25% by weight. 

35 10. The method of claim 1 , further comprising the step of heating said article during said exposing step. 

II . A method for sterilizing an interior and an exterior of an article comprising the steps of: 

contacting said article with a liquid solution comprising hydrogen peroxide; and 
40 placing said article in a diffusion-restricted environment, said contacting and placing steps being performed 

in either order; followed by 

exposing said diffusion-rest ricted environment to negative pressure for a time period sufficient to effect com- 
plete sterilization. 

45 12. The method of claim 1 1 , wherein said diffusion-restricted environment comprises a container with at least one exit 
tube. 

13. The method of claim 11 , wherein said exit tube is at least 1 .0 cm in length. 

50 14. The method of claim 11 , wherein said exit tube includes a filter. 

15. The method of claim 11 wherein said filter is sufficient to prevent entry of bacteria from the environment into said 
container. 

55 16. The method of claim 11, wherein said liquid solution is an aerosol. 
17. The method of claim 11, wherein said solution is peracetic acid. 
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18. The method of claim 11 , wherein said contacting step comprises delivery via one or more methods selected from 
the group consisting of injection, static soak, liquid flow-through and aerosol spray. 

19. The m thod of claim 11, wherein said area is a lumen. 

5 

20. The method of claim 1 1 , further comprising the step of exposing said device to a plasma during the step of exposing 
the device to negative pressure. 

21. The method of claim 11, wherein said area has the same or more diffusion restriction than provided by a lumen 
10 27 cm in length and an internal diameter of 3 mm. 

22. The method of claim 11, wherein said area has the same or more diffusion restriction than provided by a lumen 
having a ratio of length to internal diameter greater than 50. 

is 23. The method of claim 11 , wherein said solution is at a concentration of less than 25% by weight. 

24. The method of claim 11, further comprising the step of heating said article during said exposing step. 

20 
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